Growth of isolated soybean embryonic axes is preceded by a lag period of 9 to 10 h. Substantial synthesis of ATP and GTP occurs at the outset ofthis period while the rate ofprotein synthesis increases subsequently, but prior to the initiation ofcell elongation (22). Separation of growth from earlier changes in rates of ATP, GTP, and protein synthesis has also been shown for wheat embryos (1), where mobilization of poly(A)+-RNA into polysomes also occurs well before growth begins (23 glucan synthesis through GDP-Glc (9) and glucomannan biosynthesis through GDP-Man (8). Considering therefore that the timing ofthe appearance ofeither the UDP-sugars or ofthe GDPsugars might be related to the initiation of growth by the seed axis, we undertook an analysis of the levels of these compounds at different times of germination. We also examined the rate of synthesis of several specific nucleotide sugars on the further possibility that growth would involve a sharp transition in the synthesis of one of these compounds.
UDP-Sugars comprise the domnat cass of nucleot sugars in isolated soybeaa axes duri early m at While "dry" axes contain 1 nanomole per axis of UDP-sugars, further synthesis i initiated upon in_bbton such that the concentration of total UDP-sugars reaches The possible relevance of n -cotide sugars to growth is discussed and new methods for enymlc analysis of picomole levels of nucleotide sugars are described.
Growth of isolated soybean embryonic axes is preceded by a lag period of 9 to 10 h. Substantial synthesis of ATP and GTP occurs at the outset ofthis period while the rate ofprotein synthesis increases subsequently, but prior to the initiation ofcell elongation (22) . Separation of growth from earlier changes in rates of ATP, GTP, and protein synthesis has also been shown for wheat embryos (1), where mobilization of poly(A)+-RNA into polysomes also occurs well before growth begins (23) . Such observations suggest that although axis cells quickly recover basic metabolic activities, a longer period may be required until more complex processes reach optimal rates.
Since growth in other plant tissues is accompanied by such changes in the cell wall matrix as a correlative increase in dry weight (24) , a decrease of pectinase-extractable galactose (12) , and a change in the wall hydroxyproline content (2), it seemed reasonable that the early growth of seed axes might be accompanied by an increased availability of cell wall precursors. Nucleotide sugars are prime participants in glycosidation reactions (6, 14) , including those of monosaccharide polymerization: UDP-Glc in cell wall f8-glucan synthesis (7, 13, 27) , UDP-Ara and UDP-Xyl in the synthesis of other wall polymers (10, 15) , and GDP-sugars in Ii- ' This work was supported by United States Public Health Service Grants CA-06927 and RR-05539 from the National Institutes of Health;
by Grant PCM75-18878 from the National Science Foundation; and by an appropriation from the Commonwealth of Pennsylvania.
glucan synthesis through GDP-Glc (9) and glucomannan biosynthesis through GDP-Man (8) . Considering therefore that the timing ofthe appearance ofeither the UDP-sugars or ofthe GDPsugars might be related to the initiation of growth by the seed axis, we undertook an analysis of the levels of these compounds at different times of germination. We also examined the rate of synthesis of several specific nucleotide sugars on the further possibility that growth would involve a sharp transition in the synthesis of one of these compounds.
MATERIALS AND METHODS

GERMINATION AND EXTRACTION OF AXES
Embryonic axes were removed from whole, dry, soybean seeds and were stored at 4 C for periods of up to 3 weeks. Thirty embryonic axes, placed concave side upward on three layers of Whatman No. 1 filter paper in a 5.5-cm Petri dish, were incubated with 1.6 ml H20 containing 10 isg/ml chloramphenicol. Dishes were kept in the dark at 25 C in a humid chamber. For incubations of more than 15 h, additional H20 was added as required. At the end of the incubation, the axes and upper layer of filter paper were briefly blotted from below on paper towels to withdraw excess H20 and the axes were weighed, or trichloroacetic acid extracts were prepared. For the latter procedure, axes were homogenized in 0.5 ml of cold 10% trichloroacetic acid, then in 2 x 2 ml of cold 5% trichloroacetic acid. The homogenate was centrifuged at 24,000g for 30 min and the trichloroacetic acid was removed from the supernatant by partitioning three times into 10 ml of cold, H20-saturated ether. Residual ether was removed by vortexing briefly at 60 C. The extract was neutralized, frozen at -70 C, rethawed, and centrifuged for 15 min to remove a small precipitate, and stored at -70 C. 20 ml/h) then the nucleotide sugars were eluted with a 120-ml gradient of 2.5 to 250 mM TEA-carbonate at a flow rate of 7.5 ml/h. When GDP-sugars were being analyzed, a 120-ml gradient of 5 to 500 mm TEAcarbonate was employed. The extracts were further eluted with 15 ml of the final (250 or 500 mM) buffer, then with 8 ml each of 1 and 2 M buffer to regenerate the column. Appropriate fractions were pooled and concentrated in vacuo at 40 C. The concentrate was repeatedly dissolved in methanol with further evaporation, until the volatile TEA-carbonate was removed. The final residue was taken up in 1 ml of H20.
TLC was carried out at room temperature in closed tanks with relevant marker compounds being mixed with samples before chromatography. System A used thin layer plates of PEI-cellulose with UV indicator (Brinkmann), which were developed for 6 h or more with sodium borate (pH 7.2) (19, 20) . Due to the low RF values of many of the nucleotide sugars, some plates were developed for up to 40 h by continuous flow which was achieved by stapling filter paper (Whatman No. 1 or 3) "blotters" to the tops of the plates. Where noted in the text, 0.25 M LiCl was added to the borate buffer. System B used TLC plates of cellulose MN 300 with UV indicator which were developed with tert-butanoL methylethyl ketone, H20, and formic acid, 44:44:11:0.26. System C used cellulose plates with UV indicator, with H20-saturated secbutanol as the solvent. System D was used to detect free sugars. Cellulose plates with filter paper blotters attached were employed as described earlier, but here, the blotters were also covered with plastic film to retard evaporation. The solvent system was pyridine-ethyl acetate-H20, 2:8:1 for 16 h. After chromatography the plates were dried with air then sprayed with a solution containing aniline (4 ml), diphenylamine (4 g ), and H3PO4 (20 ml) in acetone (200 ml). The plates were air-dried for 5 to 10 min, then heated at 80 C for 2 min. Due to quenching effects, parallel samples were chromatographed with one lane sprayed to ascertain the coincidence of markers with the radioactivity. The second lane was used for actual quantitation. System E used plates of PEI-cellulose with UV indicator which were developed with 1 M ammoinum acetate titrated to pH 7 with acetic acid, and 95% ethanol, 7.5:3. Again, the plates were developed by continuous flow ascending chromatography. The thin layer plates were analyzed quantitatively for radioactivity by removing strips of the support material (5-mm sections) from the celluloid backing with a razor blade, and counting the strips in scintillation fluid. When required, compounds were recovered from PEI-cellulose plates by scraping the PEI-cellulose containing the sample from the developed plate, making a small column of the scrapings, washing with methanol, eluting with 0.5 M TEA-carbonate (pH 7.8) and evaporating under N2.
CHEMICAL AND NMPs were then generated from these latter compounds with nucleotide pyrophosphatase, and specific kina were used to phosphorylate the individual NMPs to specific NDPs at the expense of added ATP. In the case of the UDP-sugars, NMP kinase was used to phosphorylate the pyrimidine monophosphates to form pyrimidine diphosphates. Although CDP-X compounds (e.g. CDP-choline) are also active in this reaction, the predominance of UDP-sugars in plant tissues makes the reaction essentially specific for the uridine nucleotides. Finally, the stoichiometric amount of ADP generated in each monophosphate kinase reaction was quantitated using pyruvate kinase and radioactive 32PIPEP (18) .
When the levels of UDP-sugars at various stages of early germination were measured (Fig. 3) , the dry axes were found to contain 1.1 nmol of UDP-sugar per axis, and the embryonic axes were capable of synthesizing more UDP-sugars immediately upon incubation in H20. The level of UDP-sugars increased steadily from 0 to 16 h of incubation up to a level of about 13 amol/axis. The rate of accumulation of UDP-sugars did not correlate directly with the rate of increase in the fresh weight of the axes (Fig. 1) nor with the level of ATP (see ref. 22 , showing that maximum net accumulation ofATP occurs during the first 40 min ofimbibition).
The levels of GDP-sugars were also determined (Fig. 4) dry axes contained very little GDP-sugar, but rapid synthesis of these compounds occurred during the imbibition phase. This was followed by a transient decrease in the level of GDP-sugars during the early quiescent phase, and a further accumulation of these compounds thereafter. Levels of ADP-X compounds (Fig. 5) showed little change during the period 0 to 16 h. Distribution of I'HiUridine in Individual UDP-Sugars. The sustained accumulation ofthe UDP-sugars indicates that this class of compounds is synthesized continuously during early germination. Are there significant changes in the levels of specfi'c UDPsugars? This question was approached by labeling the nucleoside moiety of the UDP-sugars and ascertaining the relative rates of synthesis of different compounds within this group. Axes were incubated with [3H]uridine for 60 min after a preincubation of 4, 9, or 15 h in H20, time points chosen to represent the middle of the lag period, the end of quiescence, and the early growth phase. Neutralized trichloroacetic acid extracts of labeled axes were treated with alkaline phosphatase and applied to a Bio-Gel P-2 column. Figure 6a shows a labeling profile representative of all labeling regimes. During germination, the total amount of radioactivity incorporated into UDP-sugars increased, the relative incorporation at 4, 9, and 15 h of germination being in the ratio of 1:2.7:3.5. Of the I3H]uridine taken up, 54, 61, and 57% (4, 9, 15 h) were incorporated into the UDP-sugar fraction.
The UDP-sugar peak was applied to a column of Whatman DE52 and three 3H-labeled peaks were eluted with a linear gradient of TEA-carbonate (pH 7.8) (Fig. 6b) . The Awo of the extract provided a marker for the positions of the peaks of radioactivity. As will be shown, the major peak, peak B, included all of the UDP-neutral sugars and UDP-N-acetylamino sugars. The UDP-glycuronic acids eluted in peak C. All of the radioactivity in peaks B and C ftkom each of the 4-, 9-, and 15-h samples was recovered as [3H]UMP upon acid hydrolysis with 2 N trifluoroacetic acid, while less than 1% of the radioactivity in the acidhydrolyzed peak A could be recovered as UMP, TMP, or CMP. When samples from each ofthe three DE52 peaks were hydrolyzed by a mixture of nucleotide pyrophosphatase and alkaline phosphatase, 3H-radioactivities from peaks B and C were recovered as
[3H]uridine (solvent system C), while that from peak A was not converted to uridine, thymidine, or cytidine. Thus, all of the 3H radioactivity in peaks B and C is derived from UDP-sugars while the identity of H-labeled compound(s) of peak A is unknown. Chromatography of peak A (RF = 0.79) in solvent system B indicates that it is substantially unlike the known UDP-sugars or UMP (RF values = 0), nor is it the degradation product of uridine, fl-Ala (RF = 0.04).
The distribution of I3Hluridine in the three fractions of UDPsugars was similar at all three labeling periods ( Table I ). The significance of the increase in relative labeling of peak A at 15 h is not clear, especially in view of the facts given above, and the observation (data not presented) that the relative labeling of this peak is substantially enhanced by the omission ofchloramphenicol during incubation. The peaks of radioactivity eluted from the DE52 column were pooled separately and subjected to further chromatography on thin layer plates of PEI-cellulose using solvent system A (Fig. 7) .
By this ultimate fractionation procedure, a total of 10 classes of Table H show the distribution of radioactivity in the 3H-UDP-sugar compounds labeled at 4, 9, and 15 h. The remarkable feature is the similarity ofthe labeling patterns at each germination period tested.
Since primary cell walls are rich in xyloglucan (25) it was of interest to know the proportion of radioactivity from the [13i-uridine labeling found in UDP-Xyl relative to that in UDP-Glc. This was determined by treating the UDP-sugars in DE52 peak B with UDPG-dehydrogenase and separating the UDP-glcUA formed (position IV in Fig. 7 ) chromatographically from the residual UDP-sugar (putatively UDP-Xyl) in position VIII. When 4-h, 9-h, and 15-h samples were analyzed in this way, and a correction was made for a small amount of UDP-Glc standard which was not metabolized under parallel conditions, it was found that the formed 3H-UDP-GlcUA accounted for 94, 95, and 94% of the 3H radioactivity originally present at position VIII. Consequently, only 5 to 6% of the initial label of peak VIII could belong to UDP-XyL such that a maximum of 3.6% of the total 3H-UDPsugar (see Table III ) was present as 3H-UDP-Xyl.
We were unable to distinguish specifically the 3H-UDP-sugars with sugar moieties of -Ara, -Man, -Rha, or -Fuc from UDP-GaL or to separate UDP-mannuronic acid from UDP-GalUA. Therefore, we sought to label the sugar moieties of the UDP-sugars and to identify the sugar moieties after hydrolysis. The 15-h axes were labeled with both [3HJuridine and [14CJGlc and the three [3H]-uridine peaks were collected. The profiles of the DE52 columns showed coelution of 14C radioactivity with the 3H peaks. However, in the UDP-glycuronic acid fraction (peak C), the 3H and "C radioactivities eventually were separable (40-h chromatography in solvent system A, with 0.25 M LiCl) indicating that the UDPglyCuronic acids were not labeled by [14CJGlc. Of the 14C radioactivity in peak B ,.3.4% co-chromatographed (in solvent system A) with UDP-Gal (Fig. 7, class VII) , 81.6% with UDP-Glc (Fig.  7 , class VIII) and 15.1% with UDP-GlcNAc (Fig. 7, class IX) . The UDP-Gal peak was indeed labeled by ["4C]Glc, as indicated by the co-chromatography of the 14C radioactivity with Gal (in solvent system D) after treatment with nucleotide pyrophosphatase and alkaline phosphatase (Table III) extract was applied to a Bio-Gel P2 column, 1.6% of the radioactivity eluted in the nucleotide sugar region, 20 .5% with guanosine and 77.9% in a low mol wt fraction, the latter suggesting extensive degradation of the label by the axes. After DE52 chromatography, a single peak was obtained, over 90% of which co-chromatographed with GDP-Man by TLC (Fig. 8a) . Based on theoretical considerations (based on ref. 11) we assume that GDP-Rha and (Fig. 3) when growth begins. This general observation still allows that a major change in the relative proportion of individual species of UDP-sugar could be essential for growth, e.g. the appearance of a key epimerase (4), pyrophosphorylase (26), polysaccharide synthetase, etc. When the relative distribution of [3H]uridine into classes of UDP-sugars was analyzed, it was found, however, that 4-h (early quiescent), 9-h (end of quiescence), and 15-h (growing) axes all had similar patterns for distribution of label. Thus, there is neither a sudden appearance ofa new UDP-sugar (as far as our separation methods allow), nor a switch in the preferred synthesis (or utilization) of a specific UDP-sugar.
Of the less abundant nucleotide sugars, the ADP-sugars, a group which includes NAD-type compounds, do not change significantly in amount before growth begins (Fig. 5) 
